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ABSTRACT 
 The purpose of this study was to utilize a modified DATING code to evaluate the effects 
off normal temperature conditions occurring during dry storage would have on allowable 
storage limits for Zircaloy cladding.  Towards this, Zircaloy creep tubes were used to perform 
creep studies in a temperature range of 300-500⁰C with an applied stress range of 40-65 MPa.  
This allowed for the development of updated creep rate equations with the forms utilized in 
past studies by Mayuzumi and Matsuo to be fit. These fit equations along with the original 
mechanistic creep equations from the DATING code were used to evaluate the effects of off 
normal temperature events ranging from 10-100⁰C beginning at points in the fuels lifetime 
ranging from 5%-75% of the expected life time of 40 years.  The results of this evaluation were 
that while differing allowable limits are found using the original rate equations and the 
equations fit to this studies data both cases show no noticeable effect on the allowable limit.  
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CHAPTER 1 
Introduction 
 
Since the mid 1980s when spent fuel pools began to reach their capacity at nuclear 
plants operating companies have had to find alternative options for spent fuel storage. The 
main two options consist of increasing the spent fuel pool size and casking the fuel assemblies 
for dry storage either on site or at a repository.  With the closing of Yucca Mountain in 2011 
there are no fuel repositories in the United States, as such casked dry storage is becoming more 
and more significant in the United States as the total fuel amounts will eventually surpass the 
capacity for wet storage [1].   
During storage, fuel cladding is at risk of failure from several processes, among them 
creep failure is considered the most important [2].  Though the rate at which creep occurs 
within the cladding is low, over the course of twenty to forty years accumulated damage in the 
cladding can cause failure.  Because temperature and pressure determine the rate at which 
creep occurs over the lifetime of a cask the Determining Allowable Temperatures in Inert and 
Nitrogen Gases code (DATING) routine was developed to determine an allowable temperature 
and pressure combinations for dry storage [2]. 
During storage the cladding experiences a decreasing internal temperature, and thus a 
decreasing creep rate throughout its life time.  However unexpected temperature events, such 
as repackaging, re immersion into a fuel pool, or failures of the cask cooling system can occur.  
These events could potentially cause a temperature spike within the contained assemblies 
which could spike the creep rate and thus affect the overall expected lifetime of the cladding. 
The DATING routine works well for standard cases of storage, however off normal 
temperature events are not well incorporated into the system.  This study aims to reproduce 
the DATING routine using updated creep equations in order to look at the effect off normal 
temperature events have on allowable temperature limits for zirconium based cladding.  
Zircaloy-4 will be used for several creep tests at varying temperatures and pressures expected 
to be seen during storage, updated creep equations will be fit to the data to better allow for 
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changing temperature conditions in the code, and finally the effects of several off temperature 
conditions will be looked at for potential storage risks.  
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CHAPTER 2 
Background 
 
2.1 Overview 
Since the early years of nuclear reactor design, zirconium and its alloys have been of 
interest for cladding design.  The combination of their low macroscopic neutron cross section, 
good aqueous corrosion resistance, high melting temperature, and ease of fabrication and 
weldability make it an ideal material for in reactor cladding usage [3].  However, it has only 
been since the 1960s that databases of creep test results for these alloys have really been put 
together, and the results of the tests analyzed for better understanding of the materials 
mechanics.   
Zirconium creep data have been accumulated over many different test conditions, there 
have been several studies in low temperature ranges, 250-400⁰C, with stresses from 60-250 
Mpa [1] [3] [4] [5] [6], as well as a large amount of higher temperature studies with 
temperatures ranging upwards from 500⁰C [7] [8] [9].  Little has been done below 250⁰C as the 
time frames for these tests begin to range into multiple years for noticeable effects to be seen. 
Because of this being able to use higher temperatures and pressures and extrapolate 
downwards is of key interest to the industry.  Despite this attempt to apply higher temperature 
and pressure data to lower temperature and pressure conditions, no universal creep law has 
been found which applies well to all the creep data at this time.  However several general forms 
have been made which can be fit to fairly large ranges of conditions. 
Currently the NRC review plan for dry storage calls for a very low probability of cladding 
failure during extended storage [10].  To demonstrate this fuel performance codes are often 
used to predict and demonstrate the behavior of the cladding over its expected storage 
lifetime.    Because of the long term nature of these predictions accurate creep modeling is of 
utmost importance in the fuel performance codes which predict over 40 years in some cases.  
One of the more used codes in the industry is FRAPCON which utilizes the Determining 
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Allowable Temperatures in Inert and Nitrogen Gases (DATING) code subroutine to evaluate 
cladding conditions over the course of the time fuel is to be stored.  In order to better 
understand the workings of this creep performance model a brief overview of the equations 
utilized in the code will be covered. 
2.2 Creep Strain Models 
Two main approaches to creep modeling are taken by most studies, the first being a 
mechanistic approach in which differing creep mechanisms such as high-temperature climb, 
low- temperature climb, grain boundary sliding, nabarro herring creep, and coble creep to 
name a few have equations fit to them to understand the expected behavior of the material at 
given conditions [3].  The other main approach is to fit a more general creep equation to 
empirical data, often in the form of several independent functions and constants for each 
variable in the creep scenario, stress, temp, fluence [11].   
Both the Matsuo and Mayuzumi studies utilized a generalized creep equation approach 
to modeling Zr-4 tubes under internal pressure. Eq.1 takes the form of a steady state creep 
strain determined by experienced stress and temperature, and a primary creep strain based on 
the calculated steady state rate. The equations utilize fit constants D, n, a, b, A and B, while also 
using E as the Elastic modulus, T for temperature in ⁰K, and R for the universal gas constant.  
While both Matsuo and Mayuzumi utilize the same equation forms, it can be seen in figure 1 
that different constants are found for the separate cases [4] [7]. 
 𝜀 = 𝜀𝑝
𝑠{1 − exp(−𝐷(𝜀?̇?𝑡)
𝑛)} + 𝜀?̇?𝑡 ( 1) 
 
Where 
 𝜀𝑝
𝑠 = 𝑎(𝜀?̇? )
𝑏 ( 2) 
 
Which represents the primary creep behavior, and  
 
𝜀?̇? = 𝐴 (
𝐸
𝑇
)  exp (
𝐵𝜎
𝐸
) exp (
−𝑄
𝑅𝑇
) 
( 3) 
 
Which represents the secondary creep behavior.  
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 D n a b A B Q 𝜺𝒑
𝒔  
MATSUO 52 .5 2.16x10−2 .109 1.57x1013 1.13x103 272000  
Mayuzumi 10 .51   1.02x105 4060 233000 .05 
Figure 1.  Constants utilized in Matsuo and Mayuzumi creep equations [4] [7] 
Different approaches utilizing the same base equation can be seen, where Matsuo fits an 
equation to calculate a saturated primary strain, 𝜀𝑝
𝑠, Mayuzumi notes that there was no clear 
tendencies in their data thus they took the average value of .05 for 𝜀𝑝
𝑠 instead of calculating it 
like the Matsuo study [7].  The remaining values utilized in the equation formula vary drastically 
by values exceeding 108 in the case of constant A.  No absolute reason for the difference 
between the two studies found constants is known, however the operating regimes for both 
tests, MATSUO’s being 330-420 ⁰C with hoop stresses of 49-314 MPa and Mayuzumi’s being in 
the range of 454-584 ⁰C and stresses of 8.5-19.5 MPa, not overlapping could indicate that the 
equation form used is only valid for conditions which were included in the fitting of constants 
utilized in the equation [4] [7].   
The other approach to creep modeling is to utilize governing equations for different 
creep mechanisms such as high-temperature climb, low- temperature climb, grain boundary 
sliding, nabarro herring creep, and coble creep.   Ashby and Frost state that seven or more 
mechanisms are factors in the deformation of metals and crystalline structures.  To utilize this 
information a diagram, or map, of which process dominates a given stress and temperature 
condition is created based on governing equations tied to those processes [12].  Depending on 
the source which of the processes, and the equations tied to them can differ.  For example 
Ashby [13] describes diffusion controlled creep has been theoretically described as  
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𝜀̇ =  
14Ω
𝑘𝑇
 
𝐷𝑣
𝑑2
𝜎 (1 +
𝜋𝛿𝐷𝐵
𝑑 𝐷𝑏
) 
( 4) 
 
Where  
Ω= atomic Volume,  
k= Boltzmann constant, 
d= average grain diameter, 
δ= grain boundary thickness 
𝐷𝑣= volume diffusivity,  
And 𝐷𝑏= grain boundary diffusivity 
Which reduces to the forms for Nabarro-Herring creep and Coble creep when 𝐷𝑣 >>  𝐷𝐵 or 
𝐷𝐵 ≫ 𝐷𝑉 respectively 
 
𝜀?̇?𝐻 =
14Ω
𝑘𝑇
 
𝐷𝑣
𝑑2
𝜎 
( 5) 
 
   
 
𝜀?̇?𝑜𝑏𝑙𝑒 =
14Ω
𝑘𝑇
 
𝜋𝛿𝐷𝐵
𝑑3
𝜎 
( 6) 
 
Ashby [13] also describes dislocation controlled creep as  
 
𝜀?̇?𝑙𝑖𝑚𝑏 = 𝐴
𝐷𝑣 𝜇𝑏
𝑘𝑇
(
𝜎
𝜇
)
𝑛
 
( 7) 
 
Where  
µ= sheer modulus and 
b= bergers vector of dislocation 
 
This approach relies upon a understanding of the microstructure of the material being 
utilized, and the effects each process will have on the crystalline structure.  The DATING code 
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developed in 1988 by Pacific Northwest National Laboratory utilizes a similar approach of 
assigning equations to each creep mechanism.  It assigns equations for the following 
mechanisms: High-Temperature Climb (HTC), Low-Temperature Climb (LTC), Grain Boundary 
Sliding (GBS), Nabarro Herring and Coble creep [2].   
 
ln (𝜀)̇ = 𝐴 ∗ ln (
𝜎
𝐸
) + 𝐵 − 𝐶 ∗ (
𝑇𝑚
𝑇
) + ln (
𝑇𝑚
𝑇
) + ln (
𝐸
104
) 
( 8) 
 
where 
σ = stress (MPa) 
𝑇𝑚= melting temperature (K) 
E= elastic modulus (MPa) 
T= cladding temperature (K) 
 
 As can be seen in figure 3 each of these processes has a region of the map of 
temperatures and pressures where it is the dominating mechanism for creep strain in Zircaloy.  
Using this map each of the equations constants are fit by determining conditions at which two 
mechanisms contribute equally, and by equating the two processes to each other over the large 
range of combinations where they are equal the constants found in table 2 are determined.  
With these constants similarly to the Ashby equations a creep rate can be assigned to each 
mechanism for a given temperature [2]. 
 A B C 
HTC 5 55.75 14.15 
LTC 7 55.18 10.19 
GBS 2 20.74 9.9200 
Nabarro Herring 1 18.25 14.15 
Coble 1 11.03 9.9200 
Figure 2.  Constants for differing creep mechanisms in the DATING code. 
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Figure 3.  Creep deformation map for zircaloy-4 [2]. 
 
2.3 Temperature Modeling. 
 In order for the performance codes to properly simulate creep strain over years of 
storage, an accurate representation of the conditions the fuel experiences must be known.  In 
1987 Levy et al.  examined both BWR and PWR fuel assembly designs in order to design a model 
of the decaying temperatures within storage casks backfilled with helium gas.  They found two 
major regions of decay over the lifetime of the fuel, an initial rapid drop off for the first seven 
years which transitions to a slower rate from then onwards [14].  The model, shown below, is 
based around the temperature history of 1 year out of the reactor fuel with a burnup rate of 30 
MWd/kgM. 
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𝑇1 =  𝑇𝑎 (𝑡
−.3400)  for 1 <  t  <  7 years ( 9) 
 
   
 𝑇2 =  𝑇𝑏 (𝑡
−.0840)   for t > 7 years ( 10) 
 
 Where  
   
 
𝑇𝑏 =  𝑇𝑎  
7−.3400
7−.0840
 
( 11) 
 
 
  𝑇𝑎 is decided based on the initial fuel temperature at the start of storage.  Levy et al. 
determined that both 𝑇1 and 𝑇2 would under predict temperature in the region of the other, so 
the model is set to choose the maximum between the two separate equations [14]. 
The DATING code utilizes both the Levy equations in the case of storage in helium as 
well as a separate set of equations for storage in nitrogen [2].  This equation takes the form 
 ln(𝑇 − 273) =  𝑎0 + 𝑎1 ∗ ln(𝑡𝑖𝑚𝑒) ( 12) 
 
Where the coefficients 𝑎0 and 𝑎1 are dependent on the burnup, B in MWd/kgU, and similar to 
the helium storage equations time since removal from the reactor.  For times from 2 to 5 years 
they take the form of 
 𝑎0(𝐵) = exp [1.455 + 0.204 ∗ ln(𝐵) − 0.2391 ∗ 10
−1 ∗ ln(𝐵)2] ( 13) 
   
 𝑎1(𝐵) = −1.0339 + .0094 ∗ 𝐵 ( 14) 
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And for times over 5 years 
 𝑎0(𝐵) = exp [1.167 + 0.169 ∗ ln(𝐵)] ( 15) 
   
 𝑎1(𝐵) =  −0.51391 ∗  10
−1 −  0.98780 ∗ 10−2 ∗ 𝐵 =  0.92362 ∗ 10−4 ∗  𝐵2 ( 16) 
 
Just like the helium case, the larger of the two temperatures calculated is utilized in the model 
as the temperature for a given time [2]. 
2.4 Creep Failure and lifetime fraction model. 
 Just as creep-deformation maps have been developed to discern which creep 
mechanism will be prevalent at a given temperature and pressure, creep-rupture mechanism 
maps have also been created in order to understand which method a given specimen will 
eventually fail by [2].  The mechanism of failure depends on the expected temperature and 
pressure experienced by the sample, as can be seen in figure 4 for common dry storage 
applications of pressures less than 100 MPa the main mechanism by which failure is expected is 
cavitation diffusion controlled rupture, transitioning to cavitation power law rupture at lower 
temperatures [2].  
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Figure 4. Creep rupture mechanism map [2] 
 For each of these mechanisms equations were fit to model the expected failure time of 
the material taking the reduced form [2] 
 ln(𝑡𝑓𝑋) = 𝐴 − ln(𝜀̇) − 𝐵 ∗ 𝑙𝑛 (
𝜎
𝐸
) − ln(𝑓(𝑋)) ( 17) 
Where  
A & B  are constants 
 𝜀̇ is the expected creep rate 
𝜎 is the stress 
And f(x) depends on the creep rupture mechanism  
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While initially used in the dating code the approach to failure time calculation was 
revised in 2001 to utilize a conservative Monkman-Grant relationship [15].   This relation 
correlates the temperature, creep rate and failure time to a Constant, which then once 
rearranged into the form of Eq. 18 can be utilized to solve for an expected failure time. 
 
𝑡𝑓 =  
0.02𝑒(6.2− 
4300
𝑇 )
𝜀̇
 
( 18) 
 
In a steady state environment this relationship could be utilized directly to find a 
temperature and strain rate combination that allows for the desired storage time limit.  
However, in order to be utilized within the DATING code where temperature conditions are 
changing a method for monitoring the damage in the material over its cumulative lifetime of 
conditions must be used.  The damage fraction model used in the DATING code solves for a 
creep rate utilizing Eq. 8 and the constants from figure 2 at each time step of the desired 
lifetime for the cladding.  These creep rates are utilized with Eq. 18 to find the expected failure 
time for the conditions at each time, then using the length of an the individual time step in the 
code determines the fraction of the failure time the cladding would experience at that given 
time step.  Each of these individual fractions can then be integrated across the entire time 
length of interest to find a cumulative damage fraction for a given set of starting conditions.  
Damage fractions greater than one representing failure before the desired lifetime is reached, 
fractions less than one meaning failure is expected past the desired lifetime [2]. 
2.5 Potential off normal temperature events 
 As this study is looking at the potential effects of off normal temperature conditions on 
storage limits, potential events will be discussed here.  In the normal course of operation, 
previously noted equations for temperature profiles have been shown to be accurate [14].  
However, in the case of off normal operations, temperatures have been noted to spike which 
would not be reflected in the base temperature profile utilized by performance codes such as 
DATING. 
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 An EPRI report from 2001 noted that after fuel is transferred from a wet storage pool 
and interred in a cask for dry storage, there is a 24 hour drying period during which the 
encountered temperature will ramp up, dwell, and then ramp back down as the fuel dries and 
the cask is filled with helium [16].  The amount of the temperature rise for this event is 
assumed to be 40⁰C though the report does tie this to the specific case of a 17x 17 
Westinghouse PWR design, and doesn’t elaborate on how it would change depending on 
burnup differences or fuel design [16]. 
 Mayuzumi and Onchi prefaced several studies on evaluating creep property data for 
Zircaloy at up to 800⁰C on the events such as burial accidents, or abrupt drying inside of the 
cask [7].  This statement of temperatures up to 800⁰K (526⁰C), considering average storage 
temperatures can range from initial storage conditions of 400⁰C to an average around 290⁰C 
[16] shows the a large potential for change in internal conditions given the right events.   
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CHAPTER 3 
 Experimental Details, Equation Fitting and Modified DATING Code. 
  
 The goal of this work is to evaluate the effects which off normal temperature conditions 
could have on storage limits for fuel cladding over expected lifetimes.   This necessitates the 
usage of a creep model which is viable over a larger range of temperatures.  Due to the 
differences in the approaches of modeling the generalized and mechanistic models described in 
the prior section both will be utilized separately in order to verify any effects found in one will 
are not inherent to the individual modeling approach.  For the mechanistic approach Eq. 8 and 
Figure 2, in the original DATING code will be utilized as they have been reviewed and revised 
multiple times over several years [2] [15] [14], and the approach on its own is designed to cover 
the full spectra of temperature and pressure conditions.  The generalized equation utilized by 
Matsuo and Mayuzumi can be seen in Figure 1 to have drastically different fit constants 
depending on the range the data they are mapping occurs in.  For this reason several creep 
strain experiments have been run over the temperature range of 300-500⁰C, as opposed to 
limiting it to 100⁰C ranges the studies use in order to try and increase the range of accuracy 
when extrapolating the model downwards. 
3.1 Creep strain modeling 
 Due to the shape of the temperature profile experienced by the cladding it can be 
expected that the largest amount of creep strain will be in the initial years of the fuels storage 
lifetime.  Because of this importance is placed on models being accurate across the large range 
of temperatures experienced at the initial times of storage.  Due to the fact that the Mayuzumi 
study and Matsuo study cover different temperature regimes and the fit constants do not 
match up across the different ranges, equations used in this study of the same form will be fit 
to data gathered over a temperature range of 300-500⁰C and pressures of 40-65 MPa in order 
to extend the range of predictable creep strain of the equations. 
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  Stress –relief annealed Zircloy-4 tubes with compositions as noted in Figure 5 were 
utilized for this study.  Tube dimensions consisted of an outside diameter of 9.5mm with a 
thickness of .58 mm.  Tubes were pressurized utilizing a high purity argon gas (99.998%) and 
pressure was monitored and controlled by a Mensor CPC6000 pressure controller.  Each tube 
underwent a cyclic cleaning cycle of pressurization followed by a vent. This was repeated four 
times in order to minimize oxidation of the inner walls during outside exposure.  For heating 
the furnace was raised to the testing temperate prior to sample insertion [17]. For 
measurement samples would be cooled to ambient temperatures before the gas is released 
and dimensional measurements were taken.  Outer diameter measurements were taken via 
laser profilemeter at ten locations, as well as diameter measurements at 45 degree intervals in 
six locations and then averaging the twenty four measurements.  A list of conditions and 
accumulated test run times can be found in figure 6.  
Sn Fe Cr O N C H Zr 
1.26 0.22 0.12 0.13 0.0029 0.01 0.0007 Balance 
Figure 5.  Chemical composition of Zircaloy-4 cladding utilized in this study (weight %) [17] 
 
Effective hoop stress  and 
Internal Pressure (MPa) 
[MPa] 
 
 
500⁰C 
Temperature 
 
400⁰C 
 
 
350⁰C 
 
 
300⁰C 
65 [9.8] 100.5 2000 2000 2000 
60 [9.1] 165.5 - - - 
55 [8.3] 320.7 2000 - - 
40 [6.1] 1062.7 - - - 
– denotes test not conducted for this study 
Figure 6. Accumulated test time at each tested condition [17]. 
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3.2 DATING code and modifications 
 The original dating code is an iterative method by which an allowable initial 
temperature or stress is determined for dry storage of spent fuel assemblies.  In both cases of 
stress or temperature iteration the user must input the other condition to describe the fuel to 
be evaluated.  In both cases the code then sets a range of temperatures and stresses over 
which it will iterate, in the case of temperature this is between 274⁰K and 1000⁰K, for stress this 
range is between 10 and 600 MPa.  Both these ranges are set above zero for the minimum to 
avoid complications in the code.  The user also enters a desired life time for the fuel, this study 
utilized 40 years as the time length for the fuel lifetime.  The code then takes the entered life 
time and will split it into 100 second intervals in order to get a good resolution for changing 
creep rates, especially at the start where temperature is changing rapidly.  Assuming helium is 
utilized for the cask at each time step the code will calculate the expected temperature utilize 
Eq.9-11.  Utilizing Eq. 8 the code will calculate for each creep mechanism an expected rate and 
select the highest rate as the creep rate for that time step.  The resulting creep strain rate will 
then be entered into the Monkman-Grant relationship described by Eq. 18 and an expected 
failure time is then found.  From this the damage fraction of the time step is found by dividing 
the time step of 100 seconds by the expected life time at the current conditions, it is this step 
where the time step length determines accuracy of the found temperature limit.  Once each 
time step has been run the cumulative damage fraction for the conditions is found by 
integrating the individual fractions found across all the time steps.  If the found cumulative 
damage fraction is within a tolerance, (.05% in this study) of 1, the code will designate that 
run’s temperature as the allowable limit and returns the value.  If it falls outside of the 
tolerance an iterative method is used where the program takes the two most recent solved 
allowable limit conditions, and extrapolates the conditions to find the theoretical point of unity, 
runs that condition, and potentially continues to extrapolate until the actual point of unity is 
reached. 
 Modifications to the DATING code have been made to evaluate the effect of off normal 
temperature events.  The ability to designate a point at which an event happens has been 
added to the code, when this point is reached in the life time, a switch is tripped in the code 
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which adds a set temperature value to the calculated value to represent the effects an event 
may have.  In order to evaluate the worst possible case the temperature addition is maintained 
throughout the course of the fuel life time.  The other main change to the DATING code is the 
addition of the generalized creep equations fit to the data found in this study into the program 
in order to verify any effects of off normal events found. 
 In this study events occurring at 10%, 20%, 30%, 50%, and 75% of the desired 40 year 
life time have been evaluated.  For each of these time frames hoop stresses of 20, 30, and 40, 
and 60 MPa were used  
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CHAPTER 4 
Results and Discussion 
 
4.1 Creep Equation Fitting. 
As mentioned in 3.1 creep tests have been run at varying temperature and pressures in order to 
model the creep strain behavior of Zircaloy-4 cladding.  Samples were run until failure, or a 2000 hour 
cumulative run time was reached.  The results of the creep tests are displayed in Figure 7 and Figure 8  
 
Figure 7. Measured creep strains for Zircaloy-4 creep tube tests at temperatures 
in the range of 300-500⁰C. 
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Temperature (C) Stress (MPa) Measured Steady 
state rate (𝜀?̇?) 
Saturated primary 
creep strain (𝜀𝑝
𝑠) 
500 65 0.0023 0.0123 
60 0.0012 0.0097 
55 0.000708 0.010415 
40 0.000165 0.00771 
400 65 8.79 E-06 0.0043326 
55 6.67E-06 0.0020363 
350 65 7.57E-7 0.001319132 
300 65 1.56E-07 0.000319538 
Figure 8. Values for creep test findings 
 
It can be seen that there is a drastic falloff in overall strain rates between the 500⁰C cases and 
below 500⁰C cases, for modeling purposes its necessary to split these two cases in order to 
increase accuracy of each region.  
 The constants in equations 1-3 to be fit are split between the primary creep equation 2 
and the steady state creep rate equation 3.  As the primary creep equation is based off of the 
found steady state, the constants for the steady state rate are determined first.  A relationship 
between the steady state creep rate and the normalized applied stress is utilized to find the 
stress constant B in Eq 3. In figure 9 this relationship can be seen utilizing the 500⁰C case with 
the large amount of stress cases tested for that temperature.  The slope is found to be 7114 
which is then represents the stress dependence of the creep rate in Equation 3.  Similarly the 
activation energy is found from a relationship between the reciprocal of temperature and the 
natural log of the measure steady state rate, the stress constant B, applied stress, and 
temperature.  This relationship can be seen in Figure 10.  The slope found in figure 10 
corresponds with an activation energy of 202000 (J/ mol) 
 
 
20 
 
 
Figure 9. Relationship between steady state creep rates and the applied stress.  The found slope 
corresponding with constant B in eq. 3 is found to be 7114.6 
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Figure 10.  Relationship used to determine activation energy Q for equation 3.  Activation 
energy if found to be 202021.886 
 
With values for B and Q, the final component A in Eq.3 can be found by direct 
substitution into Eq 3. to find a value for A in for a given condition.  Figure 11 contains the 
found A values for each condition.  It can be seen that in each case, the value of A does not take 
on a singular value thus is not truly a constant as is described in the Matsuo and Mayuzumi 
papers.   
Temperature Stress A 
500 65 9.88E+09 
60 5.16E+09 
55 3.04E+09 
40 7.09E+08 
400 65 6.16E+05 
55 9.06E+05 
350 65 1.01E+06 
300 65 2.46E+05 
Figure 11.  Found values for component A of Eq. 3 
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The values found all fall inside the range of A values found in the MATSUO and 
Mayuzumi papers of 1.02E+05 and 1.57E+13, however as they are not a constant, an approach 
must be taken to incorporate this new variable.  For the 500⁰C range the A value follows an 
exponential rate increasing with stress with a good fit as can be seen in Figure 12, it is 
suspected this would hold true in lower temperatures with the values in the exponential 
changing based on the temperature range however below 500⁰C the data available are not vast 
enough to investigate this trend as only 500⁰C could run tests at low enough pressure in a 
manageable time frame.  For the below 500⁰C case, instead a weak increasing trend can be 
seen between temperature and the found A values displayed in Figure 13.  The found trend 
takes the form of:  
 𝐴 = 501.78 ∗ 𝑒 .0113∗𝑇 ( 19) 
 
  Another approach to the A component would be to just take an average of the value and apply 
it, however this leads to very large errors in the calculated steady state rate thus these relations 
will be used in Eq. 3 for the low and high temperature regions of the code. 
 
Figure 12.  Relationship between stress and the A components at 500⁰C.  It can be seen 
that the data follows a close exponential fit to increasing hoop stress 
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Figure 13. Weak relationship between increasing temperature and the A component 
below 500C.   
 
 The saturated primary strain 𝜀𝑝
𝑠 calculated in Eq. 2 is based on the calculated steady 
state rate at the conditions found.  Figure 14 depicts the relation between increasing steady 
state rate and increasing saturated primary creep.  Two distinct regions can be seen in the data, 
an initial rapid increase followed by a slower rate beyond a point.  This has been modeled by 
two separate linear equations which meet at a converging steady state rate of 2.069E-5(ℎ𝑟−1).  
Eq.2 has been replaced with this as it better represents this distinct change in rates seen in the 
experimental data.   
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Figure 14.  Relationship of primary saturated strain and stead state strain rates for both 
high and low steady state rates 
 
 Matlab was utilized to fit constants D and n in Eq. 1 through direct substitution of the 
measured creep values from figure 7 and 8, and the equations for saturated primary strain and 
steady state strain rate.  The first 30-100 hours of test time is utilized so that the fit matches the 
primary strain behavior the constants are meant to fit.   The constants found for D and n are 
5.398 and .5199 respectively Figure 15 displays the fit of the final equation for several pressures 
and temperatures.  In most cases a good agreement can be seen between the prediction and 
experimental model. 
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Figure 15. Matlab fit of constants n and D.  Fit matches well for primary portion of curve 
and early lifetime.  Though it over predicts once It reaches the steady state region. 
 
It can be seen that for each case, the model does a good job of fitting the primary strain of the 
experiments.  However in each case it will eventually surpass the experimental data in the 
secondary region and begin to overestimate the strain.  This is likely due to the method of 
calculating the A constant in the steady state region not being a perfect fit as it directly modifies 
the entire value calculated for steady state creep as can be seen in Eq. 3.  In the event it is too 
low the model will under predict the strain, likewise if it over predicts the A value it will over 
predict in the secondary region.  This trade off of over and under prediction is not present in 
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the Matsuo and Mayuzumi models as they trade potential accuracy for consistency in over and 
under prediction by taking a single average of the value and applying it to all cases.   
4.2 Tertiary Creep Effects 
 The end of the secondary steady state creep stage is marked by a rapidly increasing 
creep rate.  This stage is known as tertiary creep and the increasing rate will accelerate until 
material failure.  The time when this phase begins changes based on many factors the 
experienced conditions, a materials chemical composition, and any treatments the material 
undergoes amongst others.  Due to the rate at which a material reaches failure once tertiary 
creep is reached most models including this one do not include a tertiary creep term in the 
creep equation, opting instead to define failure at or before reaching the tertiary phase as a 
conservative approach.  This lack of a tertiary creep equation could play a role in the accuracy 
of the creep failure calculation, potentially skewing the results at temperatures and stresses 
where tertiary creep is reached more rapidly than less sever conditions.  This skewing would be 
seen by the sudden increasing creep rate change not being reflected in the Monkman grant 
relationship, Eq. 18, used to calculate failure time thus predicting a longer failure time, and thus 
a smaller lifetime fraction for a given time step. 
4.3 Off Normal Temperature Effects 
Utilizing the fit equations discussed in 4.1, and Eq. 8 with the constants from Figure 2 a 
base line allowable temperature was established utilizing the modified dating code for hoop 
stresses of 20, 30, and 40 MPa.  Following this events taking place at 10, 20, 30, 50, and 75% of 
the expected 40 year lifetime were evaluated for expected effect on the allowable temperature 
limit.  Events of 10, 20, 30, 40, 60, and 100 C were tested for effects on allowable temperature 
limit the results of the events at 10% of the lifetime are tabulated in figure 16.  The list of other 
events tested is tabulated in the appendix. 
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 DATING model Matsuo Mayuzumi model 
20 MPa 30 MPa 40 MPa 20 MPa 30 MPa 40 MPa 
Base line 
Allowable 
temp 
463.11 440.42 423.4 158.74 150.94 143.14 
5% event       
100 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
10% events       
10 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
20 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
30 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
40 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
60 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
100 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
Figure 16.  Table of event effects at 10% of a 40 year life time 
 
Changes to the allowable limit are of a magnitude such that they all fall within the 0.5% 
tolerance on the damage fraction.  Similar to the events tested in Figure 16, events occurring 
later in the lifetime of the cladding likewise do not show any indication of changes in the 
allowable temperature limits.  This indicates that the effect of an off normal temperature event 
is minimal to the lifetime damage of the cladding.  It was expected that late in the storage 
lifetime when the temperature has drastically dropped off the initial amount that a minor 
increase compared to the change from the initial storage temperature would not cause a 
noticeable effect.  Comparatively at 5% of a forty year lifetime, 2 years in, where for example a 
400⁰C starting temperature will have dropped off a little over 100⁰C an increase of 100⁰C would 
have raised the temperature back to near the starting temperature again.   No change in 
storage limit can be seen, likely due to the temperature profile still quickly decreasing to the 
point where even with the added 100⁰C the damage accumulated will be far below the level 
that is experienced at initial storage conditions.  Most fuel discharged from the reactor is in wet 
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storage for years before being placed into dry storage, events prior to two years since discharge 
should not contribute to the allowable limits, thus off normal temperature events evaluated in 
this study do not show any indication of a significant effect on allowable storage temperature 
limits in Zircalloy-4 cladding.  It can be seen that despite the large difference in expected 
allowable storage temperatures both cases show no effect on allowable storage temperatures, 
thus it is unlikely either individual code has inherent properties that are affecting the events 
effects from being seen. 
 The vast difference in allowable temperatures predicted by both equation forms must 
also be addressed.  Several factors contribute to the difference in allowable limits, likely the 
largest is the interaction of the primary strain portion of the fit equations with the damage 
fraction calculation, an interaction which is not present in the mechanistic equations.  During 
the primary region of creep the equations interpret primary creep as a drastically higher creep 
rate then the mechanistic models output at the given time.  This directly impacts the damage 
fraction of the early storage times as Eq. 18 which predict failure time has the calculated strain 
rate for that time step in the denominator.  This leads to a portion of the storage life time 
generating a drastically larger damage fraction then the mechanistic approach would.  
Combined with the fact that this occurs during the portion of the storage life where conditions 
lend towards the highest creep strain rates already and the difference in damage fractions 
becomes considerable.  The code compensates for this large difference in damage levels by 
reducing the allowed starting temperature, however as the fit code’s accuracy and viability is 
limited by the range which the data it is based upon the further outside of the experiment 
range it reaches the more error it will encounter in calculating expected damage fractions.  It is 
likely that the damage calculated at the low temperature ranges is actually lower than the 
model predicts, it can be seen in Figure 15 that at the lowest measured rate, 4 E-06 /hr the 
steady state range once reach rapidly begins to overestimate the strain in the model.  As the 
code extrapolates to the lower temperatures this overestimate will still be present and hinder 
the capabilities of the fit equations from generating an accurate allowable temperature.  Due to 
this limitation of accuracy to experimental data available the Matsuo and Mayuzumi model is 
not an effective method for modeling large temperature ranges expected during dry storage, 
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though for smaller ranges, or with a very large database of experimental conditions it can be 
quite accurate for those conditions.  
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CHAPTER 5 
Conclusion and Future Work 
 
In this study, a database on creep strain of Zircaloy-4 creep tubes over a temperature 
range of 300-500⁰C with pressures of 40-65 MPa was created.  This was utilized to attempt to 
fit a generalized creep equation across a large temperature and pressure range.  Finally the 
DATING routine from the FRAPCON code has been modified to utilize both the fit equation 
along with mechanistic equations to evaluate the effect off normal temperature events could 
have on allowable storage limits for dry storage. The following is a brief summary of 
conclusions from this study: 
1. The DATING code has been modified to allow for off normal events using both 
mechanistic approaches and generalized equations, with similar findings. 
2.  The modified dating code shows no expected effect of off normal temperature 
events of up to 100⁰C increases occurring during storage time as early a 5% of a 40 
year life time. 
3. The generalized equation form utilized by the MATSUO and Mayuzumi studies while 
accurate for a small temperature range. Its accuracy is significantly affected by the 
sample size of creep data that is utilized to fit the constants within the equation 
form.  For the range of dry storage temperatures and pressures a much larger 
database size is required then this study had access to for accurate results. 
Several aspects of this study could be improved upon to allow for further accuracy and scenario 
evaluation for dry storage conditions the following is a brief list of possible future work: 
1. A larger creep data base could be created with temperature and pressures lower 
than the current study utilized.  This could allow for better accuracy of the stress 
constant in the generalized equation, as well as potentially shed light on the nature 
of the A component’s response to changing temperatures and pressures in the 
generalized equation. 
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2. An evaluation of the temperature profile for higher burn-ups that current generation 
fuels are achieving is needed to evaluate the effects that current fuels will undergo 
as they transition from wet storage to dry storage in the future. 
3. Implementation of expected hydride precipitation in stored fuel over changing 
temperature ranges during events could potentially modify the expected failure 
lifetime of cladding.  A study on the effects of hydride precipitation effects on 
damage fraction calculations would allow for this phenomenon to be accounted for 
in lifetime calculations.  
4. An evaluation of the effects conditions, and hydriding has on the rate at which 
tertiary creep is reached could allow for better predictions of failure times and more 
accurate creep lifetimes.  
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Appendix A 
Additional Evaluations of Effects of Off Normal Events 
 Dating model MATSUO Mayuzumi model 
 20 MPa 30 MPa 40 MPa 20 MPa 30 MPa 40 MPa 
Base line 
Allowable 
temp 
463.11 440.42 423.4 158.74 150.94 143.14 
20% event       
10 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
20 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
30 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
40 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
60 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
       
30% events       
10 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
20 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
30 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
40 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
60 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
       
50% events       
10 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
20 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
30 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
40 ⁰C 
increase 
463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
60 ⁰C 463.11⁰C 440.42⁰C 423.4⁰C 158.74⁰C 150.94⁰C 143.14⁰C 
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increase 
       
75% events       
10 ⁰C 
increase 
   158.74⁰C 150.94⁰C 143.14⁰C 
20 ⁰C 
increase 
   158.74⁰C 150.94⁰C 143.14⁰C 
30 ⁰C 
increase 
   158.74⁰C 150.94⁰C 143.14⁰C 
40 ⁰C 
increase 
   158.74⁰C 150.94⁰C 143.14⁰C 
100 ⁰C 
increase 
   158.74⁰C 150.94⁰C 143.14⁰C 
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Appendix B 
 
Modified DATING CODE 
if abs(newdamage-1)>.05 
    if newdamage >1 %need lower temp case 
deltatemp=abs ((temp-lowesttemp)/2); 
temp2= temp-deltatemp; %midpoint established for next loop 
hightemp=temp; 
    else 
deltatemp=abs (temp- hightemp)/2; %need higher stress case 
temp2=temp+deltatemp;%midpoint established for next loop 
lowesttemp=temp; 
end 
end 
end 
newdamage %output 
allowedtemp=temp-273.15 %output 
hold on 
scatter(temphistory,damagehistory) 
% scatter(Temphist,timehist) 
temphistory; 
damagehistory; 
% wrong entry 
    else  
    promptinvalidentry='please choose a valid entry, exiting'     
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    end 
    end 
%% nested dating code 
function Datingprogram4 
timesteps=(timelength*(3.15569*10^7))/100; %# of time increments 
%% constants 
R=8.314; 
E=(11.09-11.61*(temp/2125))*10^4; 
Tm=2125; 
temp=temp; 
Stress=Stress; 
timelength=timelength; 
timestep=(timelength*(3.15569*10^7))/timesteps; %setting time step for problem. 
DH=0;  %drying cycle heat amount 
%2.62974*10^6% 1 month in seconds 
%% initialize matricies and values 
Creepstrain=0; 
Creeprate=0; 
damagefraction=0; 
Time=3.15569*10^7; 
Temp=temp; 
Creeprates=zeros(5,1); 
damagetotal=0; 
totalcreepstrain=zeros(timesteps,1); 
raddamagetot=0;  %change1 
Damage=0;%initilize damage total 
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I=1; %set loop start at second timestep.  
X=0; 
%% iterative loop 
    while I<=timesteps 
        Talpha=(temp); 
        Tbeta=Talpha*((7^-.34)/(7^-.0840)); 
        if Time <= (7*(3.15569*10^7))    %start tempsolve 
        Temp=Talpha*(Time/(3.15569*10^7))^-.34; 
 %# timesteps to 7 years 
        else 
        Temp=Tbeta*(Time/(3.15569*10^7))^-.0840; 
        end                 %end tempsolve 
if DH>0; 
if (Time-(3.15569*10^7))<28800 
Temp= temp+(((Time-(3.15569*10^7))*DH)/28800); 
end 
if (Time-(3.15569*10^7))>=28800 && (Time-(3.15569*10^7))<57600 
Temp=temp+DH; 
end 
if (Time-(3.15569*10^7))>=57600 && (Time-(3.15569*10^7))<86440 
Temp= temp+DH-(((Time-(3.15569*10^7))*DH)/28800); 
end 
end 
if flag1==1 
if (Time-(3.15569*10^7))> (timelength*(3.15569*10^7))*flag2; 
    Temp=Temp+flag3; 
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end 
end 
 
E=(11.09-11.61*(Temp/2125))*10^4; 
S=Stress/E; 
TI=Tm/Temp; 
e=E/(10^4); 
% Creeprates(1,1)=exp( 5* log(S) + 55.75 - 14.15*(TI) + log(TI) + log(e)); 
% Creeprates(2,1)=exp( 7* log(S) + 20.18 - 10.19*(TI) + log(TI) + log(e)); 
% Creeprates(3,1)=exp( 2* log(S) + 20.74 - 9.9200*(TI) + log(TI) + log(e)); 
% Creeprates(4,1)= exp(log(S) + 18.25 - 14.15*(TI) + log(TI) + log(e)); 
% Creeprates(5,1)=exp( log(S) + 11.03 - 9.9200*(TI) + log(TI) + log(e)); 
% Creeprate=max(Creeprates); 
% ESP=.0216*(3600^.109)*(Creeprate^.109)*((2-tanh(35500*3600*Creeprate))^-2.05); 
% primary=ESP*(1-exp(-52*((Creeprate*(Time-(3.15569*10^7)))^.5))); 
A=501.78*exp(.0113*Temp); 
D=7114.6; 
Q=200741.53; 
ESS=A*(E/Temp)*exp(D*S)*exp(-Q/(R*Temp)); %steady state calc 
if ESS<2.069*10^-5 
    ESP=354.196167+.00066428; 
else 
    ESP=1.90067438*ESS+.00795334; 
end 
Cstrain1=(ESP*(1-exp(-5.398*(ESS*(Time/3600))^.5199)))+ESS*(Time/3600); 
Cstrain2=(ESP*(1-exp(-
5.398*(ESS*((Time+timestep)/3600))^.5199)))+ESS*((Time+timestep)/3600); 
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Creeprate=(Cstrain2-Cstrain1)/timestep; 
        if I<timesteps 
            Creepstrain=Creeprate*timestep+Creepstrain; 
            totalcreepstrain(I,1)=Creepstrain; 
end 
      timefailcalc = (.02 * exp(6.2-(4300/Temp))) / Creeprate;%monkman grant  
timefailcalcrad=timefailcalc*(1-.9*(1/(1+raddamagetot)));  %change 3 
      damagefraction=timestep/timefailcalcrad;%damagefraction calc  
     Damage=Damage+damagefraction; 
raddamagetot=timestep*(2.332*10^17)*exp(-4*(10^4)/Temp); %change 2 
% Temphist(I)=Temp; 
% timehist(I)=I*timestep; 
    I=I+1; 
    Time=Time+timestep; %next time step 
    end 
Temp 
% plot(timehist,Temphist) 
newdamage=Damage; 
end 
end 
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